Vps54 is a subunit of the Golgi-associated retrograde protein (GARP) complex, which is 17 involved in tethering endosome-derived vesicles to the trans-Golgi network (TGN). In the wobbler 18 mouse, a model for human motor neuron (MN) disease, reduction in the levels of Vps54 causes 19 neurodegeneration. However, it is unclear how disruption of GARP-mediated vesicle transport 20 leads to MN dysfunction and ultimately neurodegeneration. To better understand the role of 21
Vps54 proteins (Conibear and Stevens, 2000) . Within this complex, the Vps54 N-terminus binds 48 to soluble N-ethylmaleimide-sensitive fusion protein attachment protein receptors (SNAREs). 49
Vps54 interacts with SNAREs involved in retrograde transport including: Syntaxin-6 (Stx6), 50 here include total bouton counts, NMJ area, and NMJ length. To validate these results, we 135 compared bouton number determined by the macro with manual counts for scat mutant analysis. 136
While total bouton numbers were not identical, macro counts correlated significantly with manual 137 counts (Pearson correlation coefficient = 0.76; C.I. 95% 0.66-0.84; p < 0.0001; n = 91 NMJs). 138
Analysis was done using Fiji version 2.0.0 and the NMJ Morphometrics plugin version 20161129. 139 Settings used were: maxima noise tolerance = 500, small particle size = 10, minimum bouton size 140 = 10, and rolling ball radius = 500. NMJ outline and skeleton thresholds were set to "triangle". 141
To quantify active zone number, NMJs were counterstained with antibodies targeting Brp 142 and HRP as described above. Maximum Z-projections were processed using the TrackMate 143 plugin for ImageJ2/Fiji (Tinevez et al., 2017) . Active zone images were opened in TrackMate using 144 the default calibration settings for the Brp channel. The following additional settings were used: 145
LoG detector = on, estimated blob diameter = 1 µm, and threshold settings = 100. The results 146 were previewed to ensure accurate detection of found spots and data recorded for all boutons. 147 161
Statistics: 162
All data was recorded in Excel (Microsoft) and graphed and analyzed in Prism 163 (GraphPad). Results were considered to be statistically significant at p < 0.05. Results shown 164 throughout the study are mean ± SEM. n.s. = not significant, * p < 0.05, ** p < 0.01, *** p < 0.001, 165 and **** p < 0.0001. Data for scat 1 loss of function and larval crawling velocity were both analyzed 166 by Kruskal-Wallis followed by a Dunn's multiple comparison test to determine significance. Each 167 scat RNAi experiment had its own control and was analyzed using a Mann-Whitney U test. The To determine whether scat has a function in fly MNs, we examined the development of a 174 well-characterized NMJ in third instar larvae. The classic scat 1 allele is a P-element insertion near 175 the 5' end of the second coding exon of the scat gene ( Figure S1 ) (Castrillon et al., 1993) . Protein 176 expression is completely disrupted in scat 1 homozygotes suggesting that it is a null allele (Fari et 177 al., 2016b) . We found that the morphology of the NMJ was distinctly different in scat 1 mutants 178 compared to controls ( Figure 1A ). Quantitative analysis of the number of type 1 synaptic boutons 179 revealed a greater than 2-fold overelaboration in scat 1 null animals ( Figure 1B ; 114% increase; p 180 < 0.0001). A similar phenotype was observed when the scat 1 allele was placed in trans to the 181 overlapping Df(2L)Exel8022 deficiency ( Figures 1A-B ; 94% increase; p < 0.0001). Quantification 182 of the number of synaptic arbor branch points correlated strongly with synaptic boutons (Figure  183 1C). The scat 1 homozygous mutant phenotype was rescued when a transgenic construct was 184 introduced back into the scat 1 background ( Figures 1A-C ). This rescue transgene includes the hemagglutinin (HA)-tagged scat cDNA (scat-HA:scat). Taken together, these data suggest that 187 scat has a critical function in the control of axon terminal growth during larval NMJ development. 188
During our NMJ analyses, we noted that synaptic bouton morphology appeared to also be 189 abnormal in scat 1 mutants. The NMJ at muscle 6/7 has two types of synaptic boutons -type 1b 190 (big) and type 1s (small) boutons, which are derived from two distinct MNs and differ in 191 morphology and physiology (Menon et al., 2013) . Immunostaining of Discs large (Dlg), the fly 192 ortholog of the postsynaptic density protein, PSD-95, is also usually stronger in in type 1b boutons 193 and weaker in type 1s boutons (Lahey et al., 1994) . In contrast to controls, Dlg staining in scat 1 194 homozygotes is roughly the same in both types of boutons and is spotty and discontinuous 195
suggesting that localization of Dlg to postsynaptic densities may be partially disrupted ( Figure  196 1D). Additionally, both types of boutons were smaller in scat 1 mutants ( Figure 1D ). Quantification 197 of this revealed a significant 2-fold decrease in synaptic area per bouton and an increase in total 198 synaptic length in scat 1 homozygotes ( Figure 1E -F; area = 50% of controls; p < 0.0001; length = 199 173% of controls; p < 0.0001). In contrast, a robust a reduction in bouton size was not seen in 200 scat 1 /Df larvae ( Figure 1E ). However, the deficiency line deletes the scat gene region plus about 201 60 kb of flanking sequence including nine neighboring genes. It is possible that heterozygosity of 202 one or more of these loci might have an uncharacterized effect on NMJ growth. Both the "small 203 bouton" and length phenotypes were rescued by the scat-HA:scat transgene (Figures 1E-F). 204 205 scat function is required in both the MN and muscle to control NMJ development 206
Given the critical role of Vps54 in mouse MNs, we postulated that scat might have an 207 important presynaptic function at the larval NMJ. To investigate this, we targeted the knockdown 208 of scat expression in MNs using a transgenic short hairpin RNA (shRNA) driven by the MN-209 specific C380-Gal4 driver. Presynaptic knockdown of scat resulted in a highly significant increase 210 in the number of boutons (Figures 2A-B ; 81% increase; p < 0.0001). To confirm these results, we 211 drove expression of the shRNA transgene using a second, albeit weaker, MN driver, D42-Gal4, and observed a similar increase in the number of synaptic boutons ( Figure 2B ; 37% increase; p 213 < 0.0001). To determine if the function of scat was restricted to the MN, we examined targeted 214 knockdown of scat expression in larval muscle using the muscle-specific driver 24B-Gal4 ( Figures  215   2A-B ). Knockdown in the postsynaptic muscle also resulted in a small but significant increase in 216 bouton number relative to controls ( Figure 2B ; 19% increase; p = 0.0207). As in scat 1 mutants 217 presynaptic knockdown of scat also caused a significant increase in the number of synaptic arbor 218 branches ( Figure 2C ; C380>scat shRNA; p < 0.0001). Collectively, these data suggest that scat 219 functions in both the pre-and post-synaptic compartments to control NMJ development. 220
We were also interested to see if bouton morphology was altered by pre-or postsynaptic 221 disruption of scat expression. While the small bouton phenotype was not as obvious in either case 222 ( Figure 2D ), presynaptic RNAi does significantly reduce bouton size. C380>scat shRNA caused 223 a 58% reduction in synaptic area per bouton ( Figure 2E ; p < 0.0001). A similar result was observed 224 using the D42-Gal4 driver ( Figure 2E ; 41% decrease; p < 0.0001). C380>scat shRNA also had a 225 modest but significant effect on total NMJ length ( Figure 2F ; 27% increase; p = 0.0006). As seen 226 in scat 1 mutants, knockdown of scat in motor neurons (but not in muscle) partially disrupted 227 normal Dlg expression and localization to post-synaptic densities ( Figure 2D ). Disruption of scat 228 expression in the muscle also had a significant effect on average bouton size ( Figure 2E ; 21% 229 decrease; p = 0.0303) and length of NMJs ( Figure 2F ; 28% increase; p = 0.0043). Together, these 230 data suggest that scat is required on both sides of the synapse to control bouton morphology. 231
Conversely, we asked if scat overexpression impacted NMJ development. To test this, we 232 constructed a fly line containing a Gal4-inducible version of the HA-tagged scat cDNA (UAS-233 HA:scat). The global overexpression of HA:Scat in a wild-type background (tubulin-Gal4>UAS-234 HA:scat) had no impact on NMJ development ( Figure S2 ). Neuronal expression of UAS-HA:scat 235 with a strong pan-neuronal driver (elav-Gal4) caused a small but statistically significant increase 236 in branching and synaptic area per bouton (Figures S2D-E; branching, p = 0.0159; synaptic area, 237 resulted in a significant increase in branch and synaptic bouton number with no changes in bouton 239 morphology (Figures S2A-D; branching, p = 0.0072; bouton number, 25% increase, p = 0.0003). 240
Together, these data suggest that both loss-and gain-of-function of scat causes NMJ defects. 241 242
Scat localizes to the trans-Golgi in motor neurons, glia, and muscle cells 243
Vps54 localizes primarily to the TGN in yeast and in mouse spermatids (Berruti et al., 244 2010; Conibear and Stevens, 2000) . Similar localization patterns have been observed with 245 fluorescently-tagged Scat protein in Drosophila (Fari et al., 2016b) . Based on this, we predicted 246 that Scat would localize to the TGN in larval MNs and muscle cells. In our hands, the only available 247 antibody targeting Scat did not work in neurons for immunofluorescence. Moreover, HA-tagged 248
Scat expression from two copies of the scat-HA:scat transgene could not be detected. Therefore, 249
to examine subcellular localization, we drove expression of UAS-HA:scat using the ubiquitous 250 tub-Gal4 driver and labeled the HA:Scat protein using an antibody targeting the HA tag. First, we 251 counterstained with an antibody that recognized the golgin Lava lamp (Lva), a marker for the cis-252
Golgi (Sisson et al., 2000) . We found that most HA:Scat was juxtaposed to Lva staining in the 253 soma of larval MNs ( Figure 3A ), the ensheathing glial cells surrounding peripheral nerves ( Figure  254 3B), and in body wall muscle ( Figure 3C ). Both HA:Scat and Lva was absent from motor axons 255 (blue in Figure 3B ) and presynaptic boutons (grey in Figure 3C ). Taken together, these data are 256 consistent with HA:Scat localizing to a structure in close proximity to the cis-Golgi. 257
Because of the strong presynaptic role for scat in the control of NMJ development, we 258 and Stevens, 2000). It does so, in part, by controlling the assembly of the t-SNARE complex 283 (Perez-Victoria and Bonifacino, 2009 ). Based on this, we asked if dStx16 localization would be 284 disrupted in scat loss-or reduction-of-function mutant MNs. As predicted, dStx16 antibody 285 staining was diffuse in scat 1 homozygous larvae ( Figure 4A ), which was rescued by the 286 introduction of the scat-HA:scat transgene. Very similar results were seen following targeted 287 disruption of scat expression in larval MNs by RNAi ( Figure S3A ). Some punctate dStx16 288 fluorescence remains in scat mutants and after Scat RNAi suggesting that this phenotype is only membrane association at the TGN. Moreover, this suggests that an integral component of the 291 retrograde trafficking pathway (the t-SNARE complex) has been at least partially disrupted. 292
Next, we determined if scat loss-of-function had an impact on endosomal pools in MNs. 293
Disruption of Vps54 expression in yeast causes the accumulation of vesicles containing markers 294
for EEs (Quenneville et al., 2006) . In contrast, MNs in the wobbler mouse appear to accumulate 295 Golgi structure after the disruption of scat expression, we stained larval MNs with antibodies 305 targeting Lva (Sisson et al., 2000) . Interestingly, we found that some MN cell bodies in scat 1 306 homozygotes and scat 1 /Df(2L)Exel8022 larvae had diffuse and cytoplasmic Lva staining 307 suggesting that cis-Golgi integrity in some neurons has been at least partially disrupted (Figure 308 4D). We never observed this phenotype in controls or transgenic rescue animals ( Figure 4D ). We 309 observed a similar phenotype following the targeted depletion of scat in larval MNs by RNAi 310 ( Figure S3B ). However, Lva staining was more globally diffuse and punctate structures remained 311 much more intact in affected neurons. Collectively, these data suggest that scat expression is 312 required, at least in part, to maintain Golgi integrity in the perikaryon of larval MNs. 313
We were next interested in gaining some mechanistic understanding into how the 316 disruption of scat expression in MNs leads to the overgrowth of axon terminals. Rab proteins not 317 only associate with specific endosomal compartments, their activity is also required to mediate all 318 steps of membrane trafficking (Pfeffer, 2017) . Rabs function by switching between GDP-and 319 GTP-bound forms which regulates their ability to bind to specific Rab effector proteins (Pfeffer 320 and Aivazian, 2004). Transgenic Drosophila lines have been constructed that contain Gal4-321
inducible Rabs that are GTP-binding defective conferring dominant-negative activity and allow for 322 the cell autonomous disruption of Rab function (Zhang et al., 2007) . In our hands, MN-specific 323 expression of wild-type and dominant-negative Rab5, Rab7, and Rab11 had no effect on the 324 number of type 1 synaptic boutons at larval muscle 6/7 compared to controls ( Figure 5A -B; data 325 not shown). If scat interacts genetically with Rab proteins to control synaptic development, we 326 expected that co-expression of wild-type or dominant-negative Rabs would enhance or suppress 327 the scat knockdown phenotype. Interestingly, co-expression of both forms of Rab5, Rab7, and 328
Rab11 significantly suppressed the scat shRNA overgrowth phenotype. In most cases, these 329
NMJs appeared to be morphologically indistinguishable from negative controls ( Figure 5A ; data 330 not shown). There were two notable exceptions to this. First, co-expression of wild-type Rab5 with 331 the scat shRNA often caused the formation of clusters of synaptic boutons instead of the normal 332 "beads on a string" phenotype ( Figure 5C ). Second, in C380>scat shRNA, Rab7 (DN) animals, 333
postsynaptic Dlg staining appears to be appreciably disrupted ( Figure 5C ). Moreover, total bouton 334 number was significantly reduced when compared to C380>scat shRNA and C380>Rab7 (DN) 335 controls (54% decrease, p < 0.0001 and 46% decrease, p < 0.0001 respectively). Taken together, 336 these data suggest that the regulation of normal NMJ development by Scat requires endosomal 337 trafficking mediated by Rab5, Rab7, and Rab11 activity. Disruption of both scat and rab7 function 338 in motor neurons significantly reduced NMJ complexity and triggers synapse disassembly. 339
Postsynaptic Dlg staining appears to be partially disrupted in scat 1 mutants and following 342 presynaptic knockdown by RNAi ( Figures 1D and 2D ) and disruption of both scat and rab7 in MNs 343 significantly enhances this phenotype ( Figure 5C ). At the Drosophila NMJ, Dlg forms a multimeric 344 scaffold that is required for the clustering of postsynaptic glutamate receptors (GluRs) containing 345 the GluRIIB subunit but mutations in dlg have no effect on the localization of its alternative subunit, 346
GluRIIA (Chen and Featherstone, 2005) . Thus, we asked if GluR localization to postsynaptic sites 347 was altered following the disruption of both scat and rab7 function. High resolution, single focal 348 plane images of NMJs confirmed that Dlg staining was reduced and spotty in type 1b synapses 349 in C380>scat shRNA, Rab7 (DN) larvae compared to controls ( Figure 6A ). Strikingly, staining with 350
GluRIIB antibodies was slightly reduced in C380>scat shRNA animals and significantly disrupted 351
in C380>scat shRNA, Rab7 (DN) larvae ( Figure 6B ). In contrast, the localization of the GluRIIA 352 subunit does not appear to be affected ( Figure 6C ) suggesting that the core GluR has not been 353 lost from postsynaptic sites. This was confirmed by analyzing the localization of the requisite GluR 354 subunit, GluRIIC which was similarly not affected (data not shown). Collectively, these data 355 suggest that the Scat protein is required in the presynaptic cell to regulate the localization of Dlg 356
and GluRIIB to postsynaptic sites via a mechanism that involves the activity of Rab7. 357
In order to further explore the role of scat in synaptic architecture at the NMJ, we next 358 asked if scat was required to control the localization of Bruchpilot (Brp) to presynaptic boutons. 359
Brp is similar to the human ELKS/CAST family of active zone (AZ) proteins and is required to 360 regulate AZ structure and function at synapses (Wagh et al., 2006) . At the larval NMJ, Brp 361 localizes to presynaptic AZs and the lack of Brp causes defects in AZ assembly, Ca 2+ channel 362 clustering, and vesicle release (Kittel et al., 2006) . We observed no significant difference in the 363 total number of Brp puncta per NMJ in C380>scat shRNA, Rab7 (DN) larvae or any other 364 genotype tested ( Figure 6D-E) . Similar results were observed in scat 1 homozygotes compared to 365 controls and transgenic rescues ( Figure S4 ). Instead, we observed a significant decrease in the ( Figure S4 ; 7.0 ± 0.70 in controls vs. 4.5 ± 0.46 in scat 1 homozygotes, p = 0.009; scat 1 368 homozygotes vs. 5.1 ± 0.41 in scat 1 homozygotes with two copies of the scat-HA:scat transgene, 369 p = 0.037). These results suggest that presynaptic AZs have not been disrupted. decreased larval crawling velocity (55% decease, p = 0.0044; 53% decrease, p = 0.0173; and 377 53% decrease, p = 0.0184 respectively). However, expression of the dominant-negative forms of 378 these proteins alone had no effect ( Figure 6F ). Conversely, MN-specific knockdown of scat along 379 with expression of wild-type Rab7, Rab11 and dominant negative Rab7 all significantly increased 380 average crawling velocity compared to C380>scat shRNA controls (44% increase, p < 0.0001; 381 72% increase, p = 0.0013; and 48% increase p < 0.0001, respectively). Thus, there appears to 382 be no correlative relationship between larval crawling behavior and either synapse morphology 383 or post-synaptic density composition in C380>scat shRNA and rab transgenic animals. 384
385

DISCUSSION: 386
The GARP complex is required to control a wide range of cellular processes highlighting 387 the importance of understanding more about its function (Bonifacino and Hierro, 2011) . Notably, 388 the disruption of two subunits of GARP have been linked to neuronal dysfunction in mammals: 1) cases. Here, we show that the loss of scat expression in Drosophila MNs appears to have no 395 impact on LE size or number ( Figure 4C ). However, presynaptic scat interacts genetically with 396 rab7 to control NMJ growth and composition of the PSD (Figures 5 and 6) . These data strongly 397 suggest that GARP-mediated LE to TGN retrograde transport is critical for NMJ development. The reduction of GARP components by RNAi in mammalian cells reduces, but does not prevent 407 the formation of TGN-associated t-SNARE complexes (Perez-Victoria and Bonifacino, 2009 ). We 408 suggest that disruption of scat in larval MNs has partially compromised t-SNARE assembly or 409 function contributing to the disruption of LE to TGN retrograde trafficking. 410
We also demonstrate that some MNs in scat loss-and reduction-of-function larvae have 411 defects in the normal localization of the cis-Golgi maker Lva, suggesting there is a link between 412 altered retrograde trafficking and Golgi dysfunction ( Figure 4D) . Similarly, in yeast and humans, 413 structure. Analysis of Golgi morphology in the symptomatic wobbler mouse reveals significant mitotic spermatids, scat 1 mutants have defects in the localization of Golgin245, a conserved golgin 420 associated with the TGN, although the cis-Golgi marker (the golgin GM130) was unaffected (Fari 421 et al., 2016b) . Based on this, we cannot rule out that partial Stx16 mislocalization we observed in 422 scat 1 MNs is not due to a more global defect in the integrity of both sides of the Golgi ribbon. We show here that disruption of both scat expression and Rab7 function in motor neurons 440 causes a significant reduction in synaptic bouton number ( Figure 5A shRNA, Rab7 (DN) double mutant NMJs may be due to defects in the production and secretion 460 of exosomes containing signaling molecules or miRNAs from presynaptic terminals. 461
Again, the molecular and cellular mechanisms that lead to MN dysfunction and 462 degeneration in the wobbler mouse remain unknown (Moser et al., 2013; Schmitt-John, 2015) . 463
To the best of our knowledge, we have provided the first evidence suggesting that Vps54 464 regulates NMJ growth and PSD composition via a Rab7-dependent mechanism. Vps54 loss-of-465 function in the mouse causes embryonic lethality with an underdeveloped spinal cord and dorsal 466 root ganglia. These embryos also have severe hypoplasia of the atrial and ventricular myocardium 467 Knockdown of scat expression in the presynaptic motor neuron by RNAi causes defects in NMJ 516
structure. An inducible transgenic shRNA targeting luciferase (UAS-LUC.VALIUM10) or scat 517 (UAS-TRiP HMS01910 ) was expressed in motor neuron using the C380-Gal4 or the weaker D42-Gal4 518 driver (D42 not shown) or in muscle using 24B-Gal4. NMJs at muscle 6/7 in body segment A3 in 519 late third instar larvae were stained with antibodies targeting Dlg (green) and HRP (red). Images homozygotes, and the scat 1 /scat 1 ; scat-HA:scat/scat-HA:scat rescue lines were stained with an 554 antibody targeting dStx16 (green) and DAPI to visualize nuclei (blue). dStx16 staining is 555 significantly more diffuse (but still clearly punctate) in scat 1 mutants compared to controls. This 
Analysis of active zones: 602
To quantify active zone number, NMJs were counterstained with antibodies targeting Brp 603 and HRP as described above. Maximum Z-projections were processed for scat 1 mutants at m6/7 604 in A3 and were quantified by manually counting Bruchpilot (Brp) foci within synaptic boutons. transgene was expressed using a motor neuron-specific driver (D42-Gal4), a strong pan-neuronal 615 driver (elav-Gal4), a strong muscle-specific driver (Mef2-Gal4), or ubiquitously (tubulin-Gal4). The 616 A) total number of boutons, B) type Ib boutons, and C) type 1s boutons are increased when 617 HA:Scat is overexpressed in larval muscle but not when expressed ubiquitously or in neurons. D) 618
The number of branches is significantly increased when HA:Scat is strongly expressed in either 619 neurons or muscle. N = 22, 23, 19, 24, 30, 30, 23, and 23 in the order shown in graphs. E) Total 620 synaptic area is increased when strongly expressed in muscle. F) There is no impact on total 621 synaptic length. Synaptic area and length where quantified using the Morphometrics algorithm. N = 22, 23, 19, 24, 28, 30, 24, and 27 in the order shown in graphs. Unless otherwise indicated, all 623 statistical comparisons shown have been compared to driver-specific controls (driver/+ 624 heterozygotes). * p < 0.05, ** p < 0.01, *** p < 0.001. 625 626 Figure S3 . scat RNAi disrupts Stx16 localization and Golgi integrity in larval motor 627 neurons. A) Localization of Syntaxin-16 to the TGN is disrupted by motor neuron-specific 628 disruption of scat expression using the C380-Gal4 driver. C380>Luc shRNA and C380-scat shRNA 629 lines were stained with an antibody targeting dStx16 (green) and DAPI to visualize nuclei (blue). 
